ABSTRACT A line (E) of turkeys selected long-term (37 generations) for increased egg production was reciprocally crossed with its randombred control population (RBC1) that served as the base population of the E line to study the influence of long-term selection on the development of nonadditive genetic variation for egg production and body weight traits. Heterosis was significant for BW at 8, 16, and 20 wk of age and at 50% production (females only). At 16 and 20 wk of age, heterosis for BW was significant only for male offspring. No heterosis was observed in the reciprocal crosses for egg production when measured for 84, 180, or 250 d. Heterosis was sig-
INTRODUCTION
Selection response depends on additive genetic variation, whereas nonadditive genetic variation is responsible for heterosis in crosses from different genetic groups (Falconer, 1981) . Theoretically, long-term selection reduces the amount of additive genetic variation and increases the proportion of nonadditive genetic variation (Lerner, 1958) .
Long-term selection studies have been conducted by selection for body weight and egg production traits. These include selection for increased or decreased BW at 8 wk of age in chickens (Dunnington and Siegel, 1996) ; increased or decreased BW at 4 wk of age (Marks, 1996; Nestor et al., 1996a) or total plasma phosphorus, a measure of yolk precursor in the blood, in Japanese quail (Nestor et al., 1996a) ; and increased BW at 16 wk of age To whom correspondence should be addressed: nestor.1@osu.edu.
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nificant for rate of response to stimulatory lighting of 14 h light per day (days from stimulatory lighting to production of first egg). Based on data for a 250-d production period, heterosis was observed in average clutch length but not in total days lost from broodiness or the effective length of the laying period (250 − d lost in periods of 5 or more consecutive d at the end of the laying period). The present results suggest that long-term selection for increased egg production and the correlated decrease in BW increased the relative nonadditive genetic variation in BW. Reciprocal effects were significant for BW at 8 and 16 wk of age, probably due to a large difference in egg weight between the E and RBC1 lines. (Nestor et al., 1996b (Nestor et al., , 2000 , and increased egg production (Nestor et al., 1996b) in turkeys.
Based on the regression of response on accumulated selection differentials, the realized heritability of 8-wk BW in chickens was less in a line selected for increased 8-wk BW in Generations 19 to 36 than in Generations 0 to 18, whereas the reverse was true in a line selected for decreased 8-wk BW (Liu et al., 1994) . In lines of Japanese quail selected for 4-wk BW or total plasma phosphorus, realized heritabilities based on linear regression declined with selection and approached zero in some lines (Marks, 1996; Nestor et al., 1996a) . A slight decline in realized heritabilities of 16-wk BW in turkeys over 30 generations of selection for increased 16-wk BW was noted by Nestor et al. (2000) , but realized heritability remained high (0.22 to 0.32) in the last 10 generations of selection.
A line (E) of turkeys was started in 1960 from a randombred control line (RBC1) by selecting offspring from the dams with the best egg production (McCartney et al., 1968) . The period of recording egg production was 84 d
Abbreviation Key: C = commercial sire line; E = line of turkeys selected long term for increased egg production; RBC1 = randombred control line; F = line of turkeys selected long term for increased in Generations 1 through 3, 180 d in Generations 4 through 26, and 250 d thereafter. Based on the regression of response on accumulated selection differential adjusted for number of offspring, the realized heritability of 84-d egg production was 0.61 ± 0.12 (SE) during the first five generations of selection in the E line (McCartney et al., 1968) and 0.33 ± 0.05 for Generations 1 through 9 (Nestor, 1971) . The realized heritability of 180-d egg production in the E line from Generations 10 through 26 was 0.33 ± 0.02 (Nestor et al., 1996b) . Realized heritability of 250-d egg production in Generations 27 through 34 was 0.26 ± 0.13 (Nestor et al., 1996b) . Although egg production was measured for different periods in the E line, it appears that the realized heritability of egg production might have declined with selection in the E line, especially during early generations of selection.
No heterosis would be expected if the E and RBC1 lines were crossed in early generations of selection in the E line, because the E line originated from the RBC1 line. However, as there is evidence of reduced additive genetic variation in Line E, heterosis could be expected in generations that are more recent. The purpose of the present study was to determine the effect of long-term selection (37 generations) in the E line on the genetics of growth and egg production traits in reciprocal crosses of the E and RBC1 lines.
MATERIALS AND METHODS

Maintenance and Crossing of the RBC1 and E Lines
The RBC1 line was developed from crossing four commercial strains of turkeys in all possible combinations (McCartney, 1964) and maintained in such a manner that large genetic changes were not expected or observed (Nestor, 1977a,b; Noble et al., 1995) . The RBC1 line was maintained using a paired mating system (Nestor, 1977b) with 48 parental pairs in Generations 1 and 2 and 36 parental pairs thereafter. The E line was reproduced in the first two generations with 48 sires and 96 dams (two dams mated to each sire). In Generations 3 through 5, 36 parental pairs were used to maintain the E line. Rapidly increasing inbreeding became a concern; therefore, in the sixth generation and thereafter, the number of parental pairs was increased to 72.
The E and RBC1 lines were reciprocally crossed after 37 generations of selection in the E line. The accumulated inbreeding at the time of crossing based on variance in family size among breeders (Falconer, 1981) was 51.1 and 16.0%, respectively, in the E and RBC1 lines. Twelve females were artificially inseminated with a similar number of males to produce each reciprocal cross. In order to obtain as wide a genetic base as possible, the males used for insemination were rotated each insemination. The males used to produce the reciprocal crosses were also used to reproduce the pure lines.
The pure lines and reciprocal crosses were reared intermingled in confinement with the two sexes housed in different houses. The birds were fed a declining-protein, six-ration system (Naber and Touchburn, 1970) during the growing period based on the feeding schedule for males. Beginning at stimulatory lighting (14 h of light per day), breeder males were fed a diet containing 15.3% CP, 0.93% calcium, 0.62% phosphorus, and 2,963 kcal/kg ME. Females were housed in a windowless breeder house and exposed to simulated declining daylight conditions until 8 wk prior to stimulatory lighting. At this time, light was restricted to 6 h per day. The hens were given stimulatory lighting of 14 h light per day at an intensity of 51 lx when they were approximately 39 wk of age. The breeder hens were fed a ration containing 17.6% CP, 2.25% calcium, 0.64% available phosphorus, and 2,751 kcal/kg ME beginning 1 wk prior to stimulatory lighting. Egg production was recorded by trap-nesting for a 250-d production period, beginning with the production of the first egg. The RBC1 hens were treated for broodiness by the method of Nestor and Renner (1966) , whereas the E and reciprocal cross hens were not treated. Egg production data were based on 36 RBC1, 72 E, 15 RBC1 × E, and 15 E × RBC1 hens.
Measurements Obtained
Body weights were recorded at 8, 16, and 20 wk of age and when the hens first achieved 50% production (females only). Total egg production was summarized for 84-, 180-and 250-d periods. Egg production records for 250 d were analyzed for measurements of broodiness and intensity of lay according to the methods of Nestor (1972) . Traits associated with broodiness included total days lost from broodiness and effective days in the production period. A broody period was considered as a period of 5 or more consecutive days of nonproduction. Eighty percent of such pauses are associated with broody behavior (Nestor, 1972) . Effective days in the production period were calculated as follows: 250 d lost at end of period in periods of nonproduction of 5 or more d. Nestor (1972) reported that total days lost from broodiness was a better measure of broodiness than number or length of broody periods. Average and maximum clutch lengths were used as measures of intensity of lay. A clutch was defined as the number of eggs laid on consecutive days before skipping a day. Nestor (1972) found that the average clutch length and the length of the longest clutch were good measures of intensity of lay. Days from stimulatory lighting (14 h/ d) to production of first egg were used as a measure of responsiveness to light rather than sexual maturity because the hens were photostimulated past the expected time of sexual maturity.
Statistical Analysis
Body weight data were analyzed by two-way ANOVA with genetic group and sex as main effects. The effect of sex was confounded with house, because the sexes were grown in separate houses. Separate analyses were conducted by genetic group and by sex to elucidate the nature The effect of reciprocally crossing a turkey line (E) selected long-term (37 generations) for increased egg production and its randombred control line (RBC1) on egg production traits Means within rows with no common superscript are significantly different (P ≤ 0.05).
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Number of eggs laid on consecutive days before skipping a day. Days from stimulatory lighting to production of first egg. of genetic group by sex interactions if they existed. Egg production data were analyzed by one-way ANOVA. The comparison of the E and RRC1 lines was a measure of additive genetic variation. Heterosis, a measure of nonadditive genetic variation, was calculated as the percentage deviation of the mean of the two reciprocal crosses from the mean of the parental lines. Differences between reciprocal crosses result from maternal effects or sex linkage.
Contrasts were used to test the significance of line effects, heterosis, and differences between reciprocal crosses.
RESULTS
Egg production of the E line was greater than that of the RBC1 line, and the differences between lines increased with length of the egg production period (Table 1) . After 250 d of production, the number of eggs per hen in the E line was 2.85 times that of the RBC1 line. Heterosis or reciprocal effects were not significant for egg production during any period of measurement. The E line had a more rapid response to stimulatory lighting (smaller number of days from stimulatory lighting to production of first egg), higher intensity of lay as measured by maximum and average clutch length, decreased broodiness as measured by total days lost from broodiness, and larger number of effective days in the 250-d production period than the RBC1 line.
Significant heterosis was not observed for egg production for 84, 180, or 250 d (Table 1) . Large negative heterosis was observed for measurements of intensity of lay (maximum and average clutch lengths) but was significant only for average clutch length. Significant negative heterosis was observed for rate of response to stimulatory lighting (days to first egg). No significant heterosis was observed for total days broody or effective days in the 250-d period. No significant reciprocal effects were observed for any egg production trait.
Significant positive heterosis was observed for BW at 8, 16, and 20 wk of age, but for females at 50% production, the heterosis was negative and significant (Table 2 ). There was a significant interaction between genetic group and sex for BW at 16 and 20 wk of age. When the sexes were analyzed separately at these ages, significant heterosis was observed only in males. Reciprocal effects were an important source of variation for BW at 8 and 16 wk of age.
DISCUSSION
The large differences in egg production between the E and RBC1 lines is indicative of the amount of additive genetic variation present for egg production. Realized heritabilities for egg production in the E line were large, and estimates have ranged from 0.26 to 0.61 (McCartney et al., 1968; Nestor, 1971; Nestor et al., 1996b) . Long-term selection in the E line may have reduced the additive genetic variation somewhat, as the largest estimate of 0.61 was obtained in the first five generations of selection (McCartney et al., 1968) . However, the estimates of realized heritability in various generations were based on different periods of measurement, and egg production for various periods of time may represent different physiological traits. Nevertheless, long-term selection for increased egg production did not increase nonadditive genetic variation, as indicated by a lack of heterosis in the reciprocal crosses of the E and RBC1 lines.
In general, early reports concerning heterosis for egg production have been negative (Nestor, 1985) . Females of the E line were previously crossed with an experimental turkey line (F) selected long term for increased 16-wk BW and originating from a different randombred control population (Nestor et al., 1996b ) and a commercial sire line (C). In the cross of the E and F lines, egg production for 180 d was, as expected based on additive genetic variation and the absence of heterosis, sex linkage, or maternal effects (Nestor et al., 1997) . However, in the cross of E line females and C line males, egg production was greater than expected, suggesting that heterosis, sex of reciprocally crossing a turkey line (E) selected long-term (37 generations) for increased egg production and its randombred control line (RBC1) on body weight Means within rows with no common superscript are significantly different (P ≤ 0.05).
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Body weight of hens when they first achieved 50% egg production. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001.
linkage, or maternal effects were important, and these could not be separated because only one reciprocal cross was evaluated. However, Emmerson et al. (1991) reciprocally crossed the F and C lines and found that heterosis was 23% for 84-d egg production and 37.9% for 180-d egg production. Differences between the E and RBC1 lines in intensity of lay, broodiness, days to first egg, and effective days in the laying period have previously been reported (Nestor, 1971 , 1980b Nestor et al., 1996b) . Negative heterosis was observed for the RBC1 and E line crosses in intensity of lay and days to first egg but not in broodiness and effective length of the laying period. The present results indicate that, even though total egg production did not exhibit heterosis, components of total egg production did express nonadditive genetic variation.
No heterosis was observed in maximum or average clutch length, days to first egg, or total days broody in a cross of F line males and E line females (Nestor et al., 1997) . A significant difference from expected was observed for days to first egg and total days broody but not for maximum and average clutch lengths in a cross of C line males and E line females (Nestor et al., 1997) . Emmerson et al. (1991) observed significant heterosis for days to first egg, average clutch length, and total days broody in reciprocal crosses of the F and C lines. Nestor (1980a) developed lines from a randombred control population by selecting for increased average clutch length or decreased total days lost from broodiness. Based on the first seven generations of selection, the realized heritabilities were 0.24 ± 0.10 and 0.31 ± 0.12, respectively, for average clutch length and total days broody. Based on the realized heritabilities, more nonadditive genetic variation in average clutch length than in total days broody might be expected.
Selection for increased egg production in the E line decreased BW. The decrease in BW in the E line relative to the RBC1 line did not change consistently over the course of selection (Nestor et al., 1996b) . In the first few generations of selection in the E line, the genetic correlation between egg production and BW during the growing period was close to zero, became strongly negative the next few generations, returned to zero, became negative again, and finally returned to near zero. The reduction in BW in the E line associated with selection for increased egg production apparently increased the nonadditive genetic variation in BW, because heterosis was observed in the reciprocal crosses of the E and RBC1 lines in the present study. At 16 and 20 wk of age, heterosis was significant only for male offspring. In the cross of F line males and E line females, 20-wk BW was greater than expected in males, but in females, BW at 8, 16, and 20 wk of age was less than expected (Nestor et al., 1997) . Thus, the occurrence of heterosis for BW in line and breed crosses of turkeys is inconsistent (Nestor, 1985; Emmerson et al., 1991) and specific for crosses with diverse genetic constitution. The interaction between genetic group and sex observed in the present study at 16 and 20 wk of age may be due to scaling effects.
Reciprocal effects were significant for BW at 8 and 16 wk of age in the cross of the E and RBC1 line. These reciprocal effects could be due to sex linkage or maternal effects, but are most likely due to maternal effects, as egg weight differed greatly between the E and RBC1 lines (68.1 vs. 87.1 g, respectively; unpublished data). In turkeys, egg weight has been shown to influence BW up to 24 wk of age (Scott and Phillips, 1936; Bray, 1965) .
In summary, genetic variation in egg production was primarily additive in crosses of the E and RBC1 lines, even though some components (clutch length and days to first egg) of total egg production exhibited heterotic effects. Heterosis for BW was observed during the growing period and at 50% production in the reciprocal crosses of the E and RBC1 lines, suggesting that long-term selec-tion for increased egg production and the resultant correlated decline in BW had increased nonadditive genetic variation.
